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Abstract 

We consider the renormalization group (RG) improved inflaton po- 
tential in unitarized Higgs inflation where the original Higgs infla- 
tion is unitarized by the addition of a real singlet scalar of sigma- 
model type. The sigma field coupling to the Higgs, which is intro- 
duced to reproduce a large non-minimal coupling of the Higgs be- 
low the sigma scalar threshold, also improves the Standard Model 
vacuum stability due to the RG running. Furthermore, the same 
sigma field coupling determines the reheating temperature or the 
number of efoldings. Considering the uncertainties in the number 
of efoldings in the model, we show that the loop-corrected spec- 
tral index and tensor-to-scalar ratio are consistent with nine- year 
WMAP data within la. 



1 Introduction 



Theoretical problems in the standard Big Bang cosmology such as horizon, homogeneity, 
flatness and relics have motivated to introduce the early period of cosmic inflation |1| by 
the addition of a scalar field, the so called infiaton, for the vacuum energy to dominate 
the universe. The initial condition for the large scale structure is set by the quantum 
fluctuation of the infiaton during inflation so the resultant post-inflation cosmology is then 
well described. The recent nine-year WMAP data [2] shows the evidence for the red- 
shift in the primordial spectrum at the 5a level, constraining the inflation models with 
more precision. Furthermore, the announcement of the first results on the measurement of 
cosmological parameters by PLANCK |3] are scheduled to be made on the coming April in 
2013. Thus, we are entering the era of precision cosmology to probe the remnants of the 
cosmic inflation, as has been the case in the Standard Model(SM) of particle physics. 

Higgs inflation |4| has drawn much attention from both particle physics and cosmology 
communities, as a Higgs-like boson has been discovered recently at the Large Hadron 
Collider [s] and the model links between the SM and the inflation period in a minimal 
way. The Higgs doublet has a large non-minimal coupling to gravity |16) so the Higgs 
boson plays a role of the infiaton at large field values. However, there is a drawback in 
the original Higgs inflation due to the unitarity problem 7|. Although the unitarity cutoff 
during inflation is larger than the one in the vacuum p , an inflationary flateau beyond 
the unitarity cutoff is still not justified under the perturbative expansion |9(|10|. Therefore, 
an extra degree of freedom at the unitarity scale is introduced to restore the unitarity [o] 
or an appropriate counterterm without extra degrees of freedom is required to cancel the 



dangerous interactions coming from the non- minimal coupling 11 



As inflation occurs at the high energy scales, it is important to perform the renormaliza- 
tion group(RG) running from low energy until the inflation scale, to compare with the low 



energy parameters 12,13 . In particular, the stability of the SM vacuum requires the Higgs 



quartic coupling to remain positive at high scales 14,15 . In the original Higgs inflation 



the standard RG analysis is trustable only up to the unitarity cutoff in the vacuum while 
the inflation occurs at the Higgs field values higher than the unitarity cutoff. Although 
the effect of the RG running between the unitarity cutoff and the inflation scale has been 
assumed to be small, the unknown dynamics restoring the unitarity below the unitarity 
cutoff could spoil the inflationary flateau and/or the inflationary predictions. 

In this paper, we consider the unitarized Higgs inflation proposed in Ref. [9j, where 
a singlet scalar field of sigma-model type is introduced to restore the unitarity. In this 
model, unitarity is preserved all the way to the Planck scale and gives rise to the effective 
action of the Higgs inflation below the sigma scalar threshold. In the full theory, even if 
the Higgs doublet has a non-minimal coupling of order one, a large non-minimal coupling 
of the sigma field makes inflation possible along a new flat direction, which is a linear 
combination of the Higgs and sigma fields. Since the sigma field values for inflation are 
smaller than the Planck scale, the perturbative expansion is believed to be valid above 
the sigma scalar threshold too. We obtain the one-loop RG improved infiaton potential 
with the RG equations modified in the presence of a large non-minimal coupling for the 



1 



sigma field. The vacuum stability can be improved by the RG running due to the mixing 
coupling between the Higgs and sigma fields, provided that the SM vacuum is guaranteed to 
be stable at the sigma scalar threshold. There are uncertainties in the number of efoldings 
because the reheating temperature depends on the sigma coupling to the Higgs. Taking 
this result into account, we show that the loop-corrected spectral index, controlled by 
the same sigma coupling, and the tensor-to-scalar ratio, are consistent with the nine-year 
WMAP data within la. 

The paper is organized as follows. We first begin with the description of the unitarized 
Higgs infiation and discuss the effective theories at low energy and during inflation. Then, 
we compute the one-loop Coleman- Weinberg corrections for the RG-improved inflaton 
potential and show how the vacuum stability is improved in this model. Next we present 
the results of the spectral index, the tensor-to-scalar ratio, the running of the spectral 
index, etc. In the next section, we give a brief discussion on the reheating temperature in 
relation to the number of efoldings. Finally conclusions are drawn. There is one appendix 
containing the RG equations applicable to the energy scales above the sigma field threshold. 



2 Unitarized Higgs inflation 

In order to solve the unitarity problem, we require extra dynamical degrees of freedom to 
restore unitarity without ruining the fiat plateau. A UV complete model with a real singlet 
scalar of sigma-model type was proposed in lo] and it has been shown that extra singlet 



coupling could also solve simultaneously the vacuum instability problem in the SM |10[|16 
The Jordan-frame Lagrangian of the model is 

^ {m' + ^a' + 2CH^h)r- ^id^af - \D,H\' 



where M, u and v are mass parameters with v <^ M, uj (so that the a field is heavy) and 
^, C are positive non-minimal couplings with ^ ^ C- 

The large nonzero vev of a, (cr) ~ is crucial to make the unitarity cutoff Kuv larger. 
It is straightforward to find that 

A^v=(l + 6<)^, (2) 

where the Planck mass is now M|i = M^ + iuj'^, and we measure the contribution of the a 
vev by the ratio r = ^w^/Mpj, which in general can take values from to 1. One can see 
how the cutoff is pushed up to rMpi for moderate values of r > 1/^. 

In the following discussion, for simplicity, we consider a simplified verison of the unita- 
rized Higgs infiation where the tree-level Einstein term and the non-minimal coupling for 
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the Higgs doublet is absent, M = and C = 0, in Jordan frame. Then, the Jordan-frame 
action in unitary gauge with H = (0, (f))'^ /\/2 is 



C.J 1. 1_ 1 

where 



-r=^ - -^i<y'R - ^{d,af - -{d,<pr - Vj (3) 
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and = ^ is chosen to reproduce the Jordan-frame action of the Higgs inflation with a 
positive non- minimal coupling = — ^r^^ for Xna < 0, after integrating out the a field 
by = —^^0^ + w^. The mass of the a field in the vacuum is given by 

where a denotes the canonically normalized field. The COBE constraint precisely fixes the 



sigma mass in the vacuum to be ^ 10^^ GeV 10 . 

Below the sigma mass scale, the effective action in Jordan frame is 



2 



(m^ + - 2(^M0)' - 4Aeff(0' - v'f (6) 



where the effective non-minimal coupling ,^eff and quartic coupling Xcs for the Higgs are 
matched to the fundamental couplings as 

eeff = -^e, (7) 

A^ 

AcfT = T"^- (8) 

Act 

Thus, the Higgs quartic coupling Xh can be larger than the SM value inferred from the 
Higgs mass, helping to ensure the vacuum stability at large field values when the sigma 



field is lighter than the instability scale A/ in the SM 10 . Thus, we are forced to the Higgs 
masses for which A/ > 10^'^ GeV. This requires ruh > 125 GeV (at 90% CL in Mt from 



the kinematical top mass at the Tevatron and as) [10], which is marginally compatible 
with the Higgs-like boson discovered by ATLAS and CMS |5]. But, we note that the 
vacuum stability bound on the Higgs mass depends on the top pole mass, which still has 
a large uncertainty as suggested from the top pair production cross section measurements 



at the Tevatron 17, 18 . In this work, we assume that the SM vacuum is stable within the 
uncertainties of the top pole mass at the sigma field threshold and consider the possibility 
that the loop corrections of the sigma field help improve the vacuum stability. 

Performing a Weyl scaling of the metric, we obtain the Einstein-frame action from 
eq. ([3]) as follows. 



1 , ,o „ 1 /wx 2 
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Redefining the fields by cr = ue^l^^^ and ^ = uj(t)/a ^ ^e"^/^^^, the above action 
becomes 

with 

= ^^^A.(l - + X"^)' + i (^^ " ^) " (11) 

We note that the kinetic terms for the sigma and Higgs fields is of sigma-model type, with 
the cosct space described by 5*0(1, 5)/<S'0(5). 

Taking |cr| ^ a;, the Einstein- frame potential approximates the potential for 0, 

Ve^\ + 2\HaU^~^'' + Ah0') . (12) 

Thus, for Xna < 0, the potential has two minima at = ±y^— ^^u; = ±0o- Therefore, 
after stabilizing cj) at one of the minima, we obtain the fiat potential for x ^ 

Ve ^ Vo{l - e-'^/^'^'-y , H=y(A.-^). (13) 

Here, we note that a positive vacuum energy during inflation is obtained for Xh > 
Thus, the vacuum stability condition becomes the condition for the positive inflaton vac- 
uum energy so it has not been improved at tree level, as compared to the SM, where the cor- 
responding condition from the matching scale at the sigma mass scale is Xes — Xh— > 0. 

Since |0o| ^ for ^ :§> 1, the kinetic mixing term is ignored and both x ^-nd are canon- 
ical scalar fields. Heneceforth we set Mp — 1. 

3 Effective inflaton potential 

We consider the one-loop Coleman- Weinberg corrections in unitized Higgs inflation for the 
effective potential for inflation and discuss the effect of the sigma-fleld couplings on the 
vacuum stability. 

3.1 One- loop inflaton potential 

First, ignoring the contribution coming from the inflaton, we get the one-loop Coleman- 
Weinberg potential as 
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where the effective masses for the heavy mode 0, Goldstone bosons, W and Z bosons and 
top quark are given in order as 

ml = 3A^^02^AH.a;2(l-e-2^/^), (15) 
ml = XH4^' + XHaUj'(l-e~'^/^'), (16) 



m'w = i^V(^)' = ^/0^ (17) 
-I = \{9' + 9")<P'Q' = \{9' + 9")4>^ (18) 

= lyt4>\^y = ly^4>'. (19) 



From eq. (14), we find that all logarithms contain the corrections to the effective quartic 
couphngs for while only gives rise to the correction to the effective mass of as follows, 

M? = M,2,,, + MiLp (20) 

with 

MLe = AH.a;^fl-e-2-/v^), (21) 



2 

ML, = ^A,A,.c.^(l-e->^/^)ln-|. (22) 

We note that the loop mass has the same functional form for x fo^' the tree-level mass 
and it can be absorbed by renormalizing the tree-level mass parameter. In the end of 
inflation, the inflaton rolls down to the minimum of the potential at x ^ 0, so the large 
mass terms for vanish. 

Using the equation of motion for 0, 



A, 



^u;2fl-e-2^/-^), (23) 



A^" 

the Goldstone boson masses vanish while the effective masses of the rest become 



m\ 



-2AH.c.^(l-e-^^/v^), (24) 



mw = -i;9 



1 oA, 



mz 



,/^.^(l-e-^/^), (25) 
\{9' + 9")^^'{l'e-'-/^'), (26) 



4 

ml = (27) 

Here, we note that all the masses are of the same form as in the SM without non-minimal 
coupling but with the Higgs being replaced by 0(x)- After plugging the above masses in 
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'lcff(M<,)=0.01, tf=0.3, 0.2, 0.1 s=0.3, AH<r=-0.17 




Q[GeV] Q[GeV] 



Figure 1: Left: RG running of the effective Higgs quartic coupling, Agfr = Xh — Xjj^/Xa- 
The Higgs quartic couphng is matched to the effective Higgs quartic couphng Agg = 0.01 
at sigma field threshold of M„ = 10^^ GeV. 6 = Xn^/Xa is taken to 0.3,0.2,0.1 from top 
to bottom for fixed Xna = —0.17. Right: RG running of the quartic couplings, Xh, Ao- and 
Xna, from top to bottom, for 6 = 0.3 and Xna = —0.17. 



eq. (14), we obtain the one-loop corrected inflaton potential renormalized at fi = (f){x) with 

(28) 



eq. (23) as follows. 



V{x) = K,(l - e-2^/v^)2 
where the effective vacuum energy during inflation Vq is given by 



Vo 



u 

1 L 



A. 



X2 



X 



H 



+ |;^AL(ln(2AHj 



+ 



X2 



167r2 X]j 



In 



5^ 
6, 



16^ ' 



^' In 



(29) 



where all the running couplings are evaluated at /i = 0. Consequently, the effective inflaton 
potential is determined by the Higgs quartic coupling Xh, the extra quartic couplings, A^-, 
Xna, the SM gauge couplings and the top Yukawa coupling. 



3.2 Sigma- field coupling and vacuum stability 

As discussed before, positivity of the tree-level inflaton potential requires Xh > X\^/X„, 
which is the same as the vacuum stability condition in the SM, Aefr > 0, from eq. (|8]). 
However, the effect of the running quartic couplings and the threshold corrections to the 
effective vacuum energy may make the vacuum energy larger. Thus, the vacuum stability 
can be guaranteed during inflation, once ensured at the sigma mass scale. 

From appendix A, the RG equation for Aefr = Xh — A^^/A^- with 5X = X\^/X„ is 

'^^'^'^ -Pft + j^A^X^^ + 5X)5X. (30) 



rfln/i '^^^ff (47r 
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Thus, due to the positive contribution coming from the sigma-field couphngs in the RG 
equation, the vacuum instabihty scale gets higher. On the left of Fig. [T], we depict the 
running of the effective Higgs quartic coupling above the sigma field threshold at M^- = 
10^^ GeV, depending on the tree-level shift in the effective Higgs quartic coupling. We also 
show on the right of Fig. [TJthat the quartic couplings producing a sizable shift 6 = 0.3 in 
the effective Higgs quartic coupling remain perturbative all the way to the Planck scale. 



4 Corrections to the inflationary observables 

In the one-loop improved inflaton potential, the effective vacuum energy has threshold 
corrections coming from the heavy modes of non-inflaton fields coupled to the inflaton field. 
Since the threshold corrections depend on the running couplings, in turn, the inflaton field 
value, they can give extra contributions to the spectral index. By using the RG equations 
given in appendix A, we consider the threshold corrections to the spectral index and other 
inflationary observables in this section. Furthermore, we discuss the reheating temperature 
and the predicted number of efoldings in the model, depending on the mixing coupling 
between the Higgs and sigma fields. 



4.1 Spectral index and tensor-to-scalar ratio 

The slow-roll parameters are 

The slow-roll conditions are e <^ 1 and \r]\ <^ 1. The first condition ("slowly varying") 
corresponds to making the Hubble parameter during inflation proximate to constant while 
the second condition comes from the slowly varying condition plus 3Hx = —l^'( "slow- 
roll approximations"). Then, the spectral index and the tensor-to-scalar ratio are then 
evaluated at the horizon exit, according to the following. 

Us = 1 - Qe + 2r], r = 16e. (32) 

When we compute the slow-roll parameters, we take the tree-level vacuum energy to 
be dominant over the Coleman- Weinberg correction. Then, the inflaton potential is given 
by the tree-level one with the running couplings: 

VU) V„ « ^ (A,(MX)) - ^^) (33) 

where the couplings depend on the canonical inflaton field x through the renormalization 
condition, /i = 0(x) with eq. (23). In Fig. [ij we show the RG scale dependence of the infla- 



ton vacuum energy. We note that from the renormalization condition /i = with eq. ( 23 ) 
the RG scale during inflation is of order \\Ha\Mp/ {Xh^/^), which is about 10^^ GeV for 
Xh ~ Xna from the COBE normalization as will be discussed later in this section. 
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tf=0.3, Ah^=-0.17 




10" 10" 10^^ 10^^ 10" 10 
Q[GeV] 



Figure 2: RG running of the inflaton vacuum energy. We have fixed 6 = Xjj^/Xa = 0.3 
and Xna = —0.17. 



Then, the field derivatives of the potential are 



dV 



dlnfi 
dVr 



+ 4\/o 



\ ^e-2x/^(i_e-2x/v/6)^ 
^ v6 



(34) 



d / dVo 
din fi\d\n n 



(35) 



where use is made of dlnfi/dx = ^^/^/(l — e ^^/^) for /i = in the chain rule for 



^ = J^^^^^- Therefore, we get the slow-roll parameters as 



1 + 



1 dVo \2 4 



4t^Q(91n/i/ 3 



-ix/Ve 



(l-e"2^/^) 



-2 



1 + 



1 dVo \4: 
4U) (91n/i/ 3 



-2x/Ve 



4/ I dVo 
3 V VoOlnfi 



1 d^Vr 



g-4x/v^ 



(36) 



(37) 



where use is made of the RG equations in appendix A to get 



din /J, 



X2 



647r2^2 



1 /3 



X2 



{31 



So, the loop corrections to the slow-roll parameters are determined by SX, Xh and the gauge 
and top Yukawa couplings. When we make use of the effective Higgs quartic coupling at 
the matching scale by X^s = Xh — SX, there is only one unknown parameter, Xh or 6X. 
Here, we note that the running effect of the non-minimal coupling ^ is suppressed by 1/^. 
We also note that the second derivative of the vacuum energy is given by 



d(\nfiy 



^ dXidXj 



A dVo ^ dVo 



(39) 



where f3i/Xi ^ 1 is assumed in the last inequahty. Thus, we ignore the second derivative 
terms with respect to In /i in the slow-roll parameters. 
We can compute the total number of e-foldings as 



N 



Hdt 



Xf 



2e 4M| 



3 ''^2x,/Ve _ ^2xf/V6\ 



(40) 



where 



A 



1 + 



1 + 



1 dVo 
5 In /i 
5X Xh 
16^ Xh - SX 



X2 



(41) 



We note that the x dependence of A in the integrand can be ignored, because 5Xi = 
f3i 6 In fi ~ f3i^e~^^^^6x is exponentially suppressed during inflation. Here, e^^^/^ = 

2|yl|/-\/3 corresponds to the field value at which e = 1 when the slow- roll dynamics ends. 
So, we need |y4| > ^ from e'^^f^^ > 1. On the other hand, from eq. (40), we also get 



g2xi/V6 — ||^|(2A^ + a/3) at the horizon exit. Since we can determine Xh in terms of X^s 
and 6X at the sigma threshold and the top pole mass determines yt with some uncertainties, 
the loop corrections eventually depend on the unknown 6X for a given Aes at the sigma 
field threshold. The same parameter 6X controls the vacuum stability above the sigma field 
threshold as discussed in section 3.2. 

Then, we can rewrite the slow-roll parameters in terms of the number of e-foldings. 



(2iV + v/3)2' 

3 1 



1 - 



-2 



2A 



6 2A-1 



2\A\2N + VS^ V \A\2N + V^ A'' (2N + V^y 



Therefore, the spectral index becomes 



(42) 
(43) 



1 - 



2(2A{2N + V^)/\A\ +9-6/A + G/A^ 
i2N + v^)2 



(44) 
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6 6 

Figure 3: Left: Spectral index ^^(Left) and running of spectral index(Right) vs the tree- 
level shift in the Higgs quartic coupling, 6 = Xfj^/X^- The number of efoldings is taken 
to = 59 or 62. We have set Aefr(M^) = 0.01 and A^(M<^) = 0.1 to evaluate the loop 
corrections in A at the inflation scale, although the results do not depend on apart from 
perturbativity. 



For instance, for the tree-level potential with 6X = 0, we obtain Us = 0.9670(0.9647) for 
= 62(59). For comparison, the measured spectral index from nine- year WMAP with 
eCMB, BAO and Hq is given by = 0.9608 ± 0.0080 On the left of Fig. g we show 
the dependence of the spectral index on the number of efoldings and the loop corrections 
as a function of the tree-level shift in the Higgs quartic coupling, SX, and find that the 
obtained spectral index is consistent with the current observation within la. 

In the unitarized Higgs inflation, the reheating temperature is sensitive to the Higgs 
component of the infiaton, which is determined by the mixing coupling Xna between the 
Higgs and sigma fields. The spectral index varies by 0.002, depending on the number of 
efoldings, A^ = 59 — 62, in our model, as will be discussed in the next section. We also 
note that for the number of efoldings being fixed, the loop corrections make | An^l less than 
0.001, so the effect of the loop corrections is much smaller than the one of the number of 
efoldings. However, the expected sensitivity at PLANCK in measuring the spectral index 
is Aus = ±0.004 [3] so it might not be possible to measure the reheating temperature or 
the loop corrections precisely by PLANCK yet. 

On the other hand, for A^ = 62(59), the tensor-to-scalar ratio is given by 

r ~ 0.0030(0.0033). (45) 

Thus, the result is consistent with the current limit, r < 0.13 at 95% C. L., from WMAP 
+ eCMB + BAO +Ho [2]. We note that the tensor-to-scalar ratio is insensitive to the loop 



corrections as the e slow- roll parameter runs little as seen from eq. (42). 
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5=0.3, ;Iho^=-0.17 




Q[GeV] 

Figure 4: Ratio of the loop-level to tree-level values of the non-minimal coupling consistent 
with the COBE normalization. We have chosen X^s = 0.01, 6 = 0.3 and Xna = —0.17. 



Furthermore, the COBE normalization of the power spectrum constrains the inflation 
parameters from the following quantity evaluated at horizon exit, 

2 _ 25 1 /H\'i_25 1 

From A| = (2.464 ± 0.072) x 10"^ [2^, for the number of efoldings = 60, we obtain the 
following constraint, 

eJ-^^ 47000. (47) 

The running effect of the quartic couplings can be traded off for a different value of ^. As 
shown in Fig. [T| the effective Higgs quartic couplings can run to a larger value by order 
of magnitude. Then, the necessary non-minimal coupling for the COBE normalization 
becomes larger than what we would have obtained from the tree-level value of Xes- For 
instance, for Aefr = 0.01 at the sigma field threshold, the needed non-minimal coupling 
would be of order 10^ but the RG running makes Agg order of 0.1 so that C, ~ 10^. In Fig. |4| 
we show the ratio of loop-level to tree-level values of ^ as a function of the RG scale. From 
Xh = Xes + X'fT^/Xa, we note that for A|^^ ^ AgeAo-, the COBE normalization condition 



(47) with eq. ([7|) becomes the same as in the original Higgs inflation, ^es/vKs — 47000. 
This is the case when the vacuum instability scale in the SM is just above the sigma scalar 
threshold. 



4.2 Running of spectral index 

The running of the spectral index is given by 



dink 



24e^ - IQeT] + 2C (48) 
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with 



Using 



dx^ 



d 



dVn 



\/6 



V'V" 



(49) 



(91n/i \91n/i 
92 / 9^0 



1^ 



+ 4\/o 



36^ 




(50) 



9(ln/i)2 V91n/i 

and eqs. (42), (43), and ignoring the higher derivative terms with respect to In /x, we obtain 

8v^ 



dUg 
dink 



1 



9 A + 2 



3 (2Ar + y3)2V2 2A^2N + VS 
48 ^2A ^ 1 6{A-1 



+ 



{2N + y/3)^y\A\ A^2N + V3 



(51) 



Consequently, for the tree-level potential with SX = 0, we obtain dng/dlnk = 4.1 x 10~^ 
for = 60. On the right of Fig. [3} we show the dependence of the running of the spectral 
index on the number of efoldings and the loop corrections. We find that the loop corrections 
contribute to the running by ±2 x 10~^, which is too small to be observed. 



5 Reheating temperature and number of efoldings 



From eq. (11), we rewrite the scalar potential in Einstein frame as 



Vj, ^ \x^co'{l - e-^>^/^*^-)' + Ixh.u;'4>'{i - e-'^^^''^'^) + \Xh4>'. (52) 

Here, we ignored the weak-scale Higgs mass term. At the end of inflation, e"^^-^/^*^-^ = 
\/3/2 and (fyj = 0o(l - a/3/2) with 0^ = -^cu^. Therefore, both and x carry the 
potential energies of order for the quartic couplings of order unity at the onset of 
reheating. By expanding the potential around x = 0, we get the reheating dynamics to be 
a hybrid type which has both quadratic and quartic potentials with the mixing term, as 
follows. 

The dynamics of the reheating process is much involved, so we just consider how the 
reheating temperature depends on the mixing coupling Xna between the Higgs and sigma 
fields, without going into the details. 
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After the biggest cosmological scale, k ^ = Hq^ = 3000/i ^ Mpc, leaves the horizon, 
the number of efoldings is 

iV = In (^) = In f^^^I^) - In (^) (54) 

where use is made of flhe-f^he = clqHo in the second equality. Assuming that slow-roll infla- 
tion is followed promptly by matter domination and consequently by radiation domination, 
we have 

AT = 62 - ln(10^^ GeV/V^/J) - ^ HV^^^/pHi) - In (l - ^) (55) 



where 



(56) 



Prh = ^^rh- (57) 

Here, g^, = 106.75 is the effective number of degrees of freedom in the SM and the inflaton 
vacuum energy at the end of inflation is given by V^nd — (4.8 x 10^^ GeV)^ from the COBE 
normalization. 

When 0/ <^ w in the end of inflation, i.e. \\Ha\ ^ ^h, the inflaton is just the sigma field 



with the inflaton mass being given by = ^JJ\J^ Mp/^. In this case, from eqs. (10) 



and (53), the relevant interaction terms for reheating in the action in Einstein frame are 



where fi are the canonically normalized SM fermions. Then, the inflaton decays into a pair 
of 0's dominantly by both the gravitational kinetic interaction and the Higgs-portal term, 
with the decay rate, 

1927r \Mp s"^x/ 

So, for 2|Ah^| v^S/X < m^jMp ~ 1.2 x 10-^ where use is made of = 2.9 x lO^^ GeV 
from the COBE normalization, the inflaton decay is dominated by the gravitational inter- 
action. Otherwise, it is the sigma field coupling that dominantly determines the inflaton 



decay rate. From = ifj-h = y/Prh/ (V^Mp) with eq. (57), the reheating temperature is 
given by 



Trh= (^y^^VNsMpT = (i + 2\Xh.\x/^—] (4.4x lO^GeV) (60) 



where the number of degrees of freedom in the Higgs doublet is taken into account by 
Ns = 4. For instance, for Ao- ~ ~ 1 and \XHa\ ~ 0.01, we would get the reheating 
temperature as Tj-h ~ 10^^ GeV. 
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A^=0.1, Ag=0.30, Ah^=-0.17 



A„=0.1, Ah=0.30, Ah„=-0.17 




5000 10000 15000 20000 25000 30000 5000 10000 15000 20000 25000 30000 

t t 

Figure 5: Left: Time evolution of = x('^)(black), 0(t)(red). Right: Time evolution of 
the scalar potential V(t)/V{0). In both figures, we have chosen \„ = 0.1, Aj^ = 0.30 and 

Xffa = -0.17. 



For a sizable IXhctI ~ A^, we get 0/ ~ w, so the reheating process is similar to the SM 
Higgs inflation, because the Higgs carries a large fraction of the infiaton energy in the end 
of inflation and reheats the SM particles by the Higgs interactions. In Fig. |5| we show the 
scalar fields on the left and the scalar potential on the right as a function of time during 
the reheating. We note that there are multiple zero crossings of the Higgs within a single 
oscillation of the x field, because ^ even during the reheating. In this case, since 
the SM particles are produced through the parametric resonance by the SM interactions 
to the Higgs, the reheating temperature could be obtained similarly as in the original 
Higgs inflation. But, instead of going into the details, we quote T^h = (3 — 15) x 10^^ GeV 
in Higgs inflation 19 as the maximum reheating temperature possible. Consequently, 
depending on the size of Xhct, the reheating temperature Trh varies between 4.4 x 10^ GeV 
and 1.5 x 10^^ GeV. Therefore, using eq. (55), we obtain the number of efoldings in the 
following range, 

A^ = 59 -62. (61) 

We have used the above result as the representative values for the number of efoldings in 
the analysis of the previous sections. 



6 Conclusion 

We have revisited the unitarized Higgs inflation with a real scalar singlet of sigma-model 
type, from the perspective of the loop corrections. As the relevant energy scales including 
the inflation are much below the unitarity cutoff of the model, the Planck scale, we can use 
the perturbative expansion to estimate the loop corrections to the quartic couplings of the 
model and in turn calculate the inflationary observables. Since the mixing coupling between 
the sigma and Higgs fields is required to reproduce the effective large non-minimal coupling 
for the Higgs doublet below the sigma scalar threshold, the model has been regarded as a 
UV completion of the Higgs inflation in a sense of the effective action. 
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The extra coupling of the new dynamical scalar contributes to the RG running of the 
Higgs quartic coupling, improving the vacuum stability. Furthermore, the same sigma 
coupling determines the RG-improved inflaton potential and controls the loop corrections 
to the spectral index, etc, being consistent with the nine-year WMAP data. There is an 
uncertainty in reheating temperature or the number of efoldings in the model, because the 
Higgs component of the inflaton varies depending on the sigma coupling. We conclude 
that the loop corrections to the spectral index in the model are under control within the 
uncertainties in the reheating temperature. 
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Appendix A: Renormalization group equations 

We take into account the effects of a non-minimal coupling to gravity of the sigma and 
Higgs fields through suppression factors in the RGE The one- loop RG evolution of 
the scalar quartic couphngs above the sigma-field threshold is governed by 

+ (184 + 6)A^ + 2c2AL, (A.l) 
(47r)2^ = l-XH^{12y^-3g'^-9g^ + 12{l + cl)XH + l2clX^) + 8chcA,i^-2) 

(4vr)^-^ = 2{3 + cl)Xl^ + 18clXl. (A.3) 

The two-loop RG equations for the gauge and Yukawa couplings are 

,2 dg' 81 + Ch /, g'^ /I99g'^ 9g'^ AAgl 17chy?\ 

^'^^it, = — « +iii(^ + i + ^-^)' (*-^) 



(^''^^ - -^«3^li5(y/^+^«^-2««|-W), (A.6) 



and 



fA \2 dyt ((23 2 \ 2 3 2 9 2 17 '2 



167r2 



- -^9' - -/g ' + -^9 ' + 9/^73^ 
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+Qi-2ciyt - 2ciytXH + ciXj, 
The RG equations for non-minimal couplings are 

n2 



(A.7) 



(47r) 



c^ln;. = 2(3 + c.)A..(c + ^)+6c.A.(e+^), (A.8) 
^j^^ = ((6 + 6c,)AH + 6y,2-^(3^?2 + ^'2)j(^^^lj^2c.^^^(e+^).(A.9) 



The suppression factors, and Ch, are given in terms of the Weyl rescaling factor 
fi2 = ecrVM|, as = n-\dx/da)-^ = 1/(60 < 1 and Ch = n-^{d(p/dh)-^ = 1, where 
X and are canonical fields. Therefore, the running of Xh is SM-like, as loops containing 
the sigma scalar are suppressed for Co- ^ 1 and Higgs loops are the same as in the SM. 
The suppressed sigma-field loops can help to keep the non-minimal coupling ( of the Higgs 
small under the RG evolution. 



Using the RG equations (A.1)-(A.3), we also get the RG equation for Acfr = A^ — 
Xjj^/X^, with dX = Xjj^/X^, as 



dX 



eff 



« + 



dhifi 



(An) 



,(3Aeff + 5A) 6X. 



(A.IO) 
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